Tourmalines of intermediate schorl-dravite composition occur in iron formation (including metachert and tourmalinites), metasediments, calc-silicate and metabasic/intermediate rocks of the Morro da Pedra Preta Formation, a volcanic-sedimentary sequence of the Serra do Itaberaba Group (northeast of São Paulo City, southeastern Brazil). The Morro da Pedra Preta Formation is crosscut by quartz veins that contain both intermediate schorl-dravite and an alkali-deficient, Cr-(V-)bearing tourmaline, in which the occupancy of the X-site is 0.51 Ca 0.33 Na 0.15 , characterizing it as intermediate to foitite and magnesiofoitite endmembers. Mg# values for this tourmaline are higher than those for intermediate schorl-dravite. Raman spectroscopy also confirms the presence of two groups of tourmalines. Stable isotope data indicate sediment waters as fluid sources, rather than fluids from magmatic/post-magmatic sources. Delta 18 O compositions for tourmalines, host metachert, and quartz veins are similar, showing that fluid equilibration occurred during crystallization of both quartz and tourmaline. Syngenetic, intermediate schorl-dravite tourmalines were formed under submarine, sedimentaryexhalative conditions; amphibolite-grade metamorphism did not strongly affect their compositions. Younger tourmalines of compositions intermediate to foitite and magnesiofoitite reflect the composition of the host rocks of quartz veins, due to fluid percolation along faults and fractures that caused leaching of Cr (and V) and the crystallization of these alkali-deficient, Cr-(V-)bearing tourmalines.
INTRODUCTION
"The tourmaline minerals in all their aspects" was the topic of the meeting called "Tourmaline 1997", held in the Czech Republic in June 1997. Frank C. Hawthorne and Darrell J. Henry presented a proposal for classification of minerals of the tourmaline group, including the alkalideficient tourmaline foitite (McDonald et al. 1993 ) among the thirteen valid end-members. The classification is based on chemical composition and ordering at the different crystallographic sites of the tourmaline structure (Hawthorne and Henry 1999) .
The importance of tourmaline as a petrogenetic indicator has been pointed out by several authors (e.g. Henry and Guidotti 1985 , Plimer 1986 , Yavuz 1997 for its ample occurrence as an authigenic mineral in sedimentary and metamorphic rocks. In exploration, dravitic tourmalines have been associated with massive sulfide deposits and exhalites (Plimer 1986 , 1987 , Slack 1982 , 1996 , Taylor and Slack 1984 , Willner 1992 ; schorlitic compositions have been associated with plutonic rocks (Taylor and Slack 1984) , and exhalites (Plimer 1983) , and alkali-deficient tourmalines with several environments .
Tourmaline is a common mineral in the Serra do Itaberaba Group (State of São Paulo, southeastern Brazil), particularly in the basal volcanic-sedimentary sequence named Morro da Pedra Preta Formation (Juliani 1993) , which was explored for gold in the 16th and 17th centuries.
Scanning electron microscopy revealed gold disseminated in tourmalinites and associated rocks in the Tapera Grande prospect, and alkali-deficient tourmalines associated with mineralized and barren quartz veins in the Quartzito prospect, both areas found in the Morro da Pedra Preta Formation. Distinct mineralization assemblages characterize each area, with gold -pyrite -pyrrhotitechalcopyrite in Tapera Grande (Beljavskis et al. 1999b ) and electrum -pyrite -chalcopyritesphalerite -galena -scheelite -molybdenite in Quartzito (Garda et al. 1999) .
The association of distinct tourmaline compositions with distinct types of mineralization in the Morro da Pedra Preta Formation led the authors to further investigate the subject, once rock-forming minerals such as amphibole, garnet, staurolite, and sillimanite (among others) proved to be useful for petrogenetic studies of the Serra do Itaberaba Group, but not specifically for mineralization.
The Serra do Itaberaba Group
Three units compose the Serra do Itaberaba Group (Juliani 1993, Juliani and Beljavskis 1995) : the Morro da Pedra Preta, Nhanguçu and Pirucaia Formations.
Lithostratigraphic and chemical characteristics indicate that the deposition of the basal Morro da Pedra Preta Formation began in an ensialic rift that evolved into a deep oceanic basin during the Mesoproterozoic (Juliani et al. 2000) . A pile of basic rocks was generated at mid-ocean ridge segments, whereas sediments were deposited in a pelagic environment, with contribution of distal turbidites. Among the rock types, volcanic and volcaniclastic rocks, Algoma-type iron formation, and calc-silicate rocks are recognized. Sulfidation and gold deposition resulted from hydrothermal alteration related to the intrusion of andesitic and dacitic bodies in the volcano-sedimentary sequence under backarc regime (Garda et al. 2002, in press) .
The deposition of the Nhanguçu Formation (manganiferous pelites and calc-pelites; carbonatic /calc-silicate rocks, rare (meta) basites and (meta)volcaniclastic rocks and tourmalinites) followed the closing of the Morro da Pedra Preta basin. On top of the Nhanguçu sequence fine-grained sediments were deposited in progressively shallower waters, and were affected by less intense exhalative volcanic activity.
The Pirucaia Formation (quartzites and quartz schists), possibly coeval with the Nhanguçu Formation, represents continental platform clastic sedimentation that took place in marginal parts of the Serra do Itaberaba basin.
The Serra do Itaberaba Group was metamorphosed to medium amphibolite facies, with the crystallization of kyanite, with later transformation to sillimanite. A second metamorphic event, most likely related to the Brasiliano Cycle, took place in the area, this time reaching the greenschist facies.
Deformed tonalitic and granodioritic granitoids in the region represent in part reworked portions of basement rocks, whereas porphyritic granite and granodiorite bodies, such as the Pau Pedra pluton, intruded the Serra do Itaberaba Group in the Neoproterozoic (Brasiliano orogeny). These may be an extension of the nearby syn-to late-orogenic, calc-alkaline, 625 Ma-old Cantareira granitoid occurrence described by Janasi and Ulbrich (1991) .
Shear zones such as Rio Jaguari and Jundiuvira and associated faults (e.g. Sertãozinho fault) were developed during transcurrent events that also affected the granitoid rocks.
Tourmalines of the Morro da Pedra Preta Formation
A series of 25 drill cores were obtained from two areas informally named Tapera Grande (NE of the Pau Pedra granitoid body) and Quartzito (W of the Sertãozinho Fault), which sampled large part of the volcano-sedimentary sequence of the Morro da Pedra Preta Formation.
In both study areas ( Fig. 1) , tourmalines are found in the iron formation (including metachert and tourmalinites), psammites, calcsilicate rocks, basic metatuffs, metavolcaniclastic rocks, amphibolites, and quartz veins.
The iron formation is composed of quartz (50 to 75%), magnetite, hematite, iron oxideshydroxides, and variable amounts of tourmaline. In this work, metachert and tourmalinites are considered sub-facies of the iron formation, according to the relative amounts of quartz (which may reach 100% in metachert) and tourmaline. In the metachert, very darkcolored, zoned, strongly pleochroic (from dark bluish green to light brown) tourmalines occur in an outcrop (sample LJ10A, Fig. 2A ) close to SRT-1 drill hole. They form clusters or are aligned according to the general banding of the rock. Subordinately, chlorite also occurs in the metachert, as well as limonite and iron hydroxides.
Tourmaline-rich layers gradually turn into tourmalinites, as described by Slack (1982) and Plimer (1987 Plimer ( , 1988 . They appear as discontinuous, centimeter-to meter-thick lenses composed of alternating tourmaline-rich and quartzrich bands. Such rocks are fine-grained and contain variable amounts of garnet, hornblende and sericite (after plagioclase). Features like rip-up clasts such as those described by in the Black Prince mine in Broken Hill (Australia), and Bone (1988) in the Rum Jungle area (Australia) also appear in the Morro da Pedra Preta Formation. The syn-sedimentary nature of the tourmalinites is attested by the S 1 foliation, which is marked by the tourmalines and is parallel to bedding. Tourmalinite lenses are sometimes folded, and tourmaline partially recrystallizes in S 2 , indicating a pre-metamorphic lamination affected by subsequent deformation (Juliani 1993) .
Bluish green, strongly pleochroic tourmalines are found in 15 m thick, folded sequences of biotite to phlogopite quartz schists containing variable amounts of staurolite and garnet. Psammites grade into tourmaline-bearing calcsilicate rocks.
In the basic metatuffs (quartz hornblende schists) brownish green tourmalines appear together with garnet, biotite, chlorite, zoisite, apatite, and carbonate, either as lenses or disseminated in the matrix. They have a more welldeveloped schistosity that can be marked by opaque minerals. A tourmaline-bearing epidotite, considered as resulting from the hydrothermal alteration (carbonatization) of basic metatuffs, occurs at depths of 84 m in the SRT-1 borehole.
The metavolcaniclastic rocks, which are very similar in composition to the basic metatuffs, contain titanomagnetites altering into ti-tanite, abundant plagioclase, quartz, hornblende altering into biotite and chlorite, zoisite, and minor carbonate, apatite, and zircon. Garnet appears in variable amounts, mingled with hornblende. Tourmalines can be as abundant as hornblende. Tourmaline grains present dark, bluish cores and brown rims, and are slightly deformed.
The amphibolites are coarser-grained rocks formed by a felty mass of hornblende, containing biotite, interstitial quartz, and tourmaline that intergrows with amphibole, has dark, bluish cores and brown rims; occasionally it is associated with opaque minerals.
In general associated with shearing, quartz veins crosscut the whole Morro da Pedra Preta sequence. Tourmalines tend to occur concentrated in the contact between veins and country rock (Fig. 2B) , associated with sulfides (pyrite and chalcopyrite) of sulfidation stages II, III and IV described by Beljavskis et al. (1999a) .
In all rock types, tourmaline is usually finegrained and presents basal sections from 1 to 5 mm in diameter, except when found arranged in comb texture in tourmaline-rich levels in the metachert, and in this case crystals are larger than 5 mm.
MATERIALS AND METHODS
The samples chosen for analyses (scanning electron microscopy, Raman spectrometry, X-ray diffraction fluorescence, and oxygen and hydrogen isotopic analysis) were collected from tourmalinite (outcrop T12 -Tapera Grande), tourmaline-rich metachert (outcrops LF10, LJ09, and LJ10 -Tapera Grande; drill hole F01-1B at 3.80m depth -Quartzito), and quartz veins (drill holes SRT3-99 at 54.10m depth -Tapera Grande; FQ-112-3a and FQ-112-3b at 18.40m depth, and FQ-112-46-3 at 46.23 m depth -Quartzito).
For scanning electron microscopy and Raman spectrometry, polished thin sections of the rock samples were prepared at the Petrology and Rock Technology Laboratory of the Technological Research Institute of São Paulo State (IPT).
Energy dispersive X-ray microanalyses (EDS-SEM) of carbon-coated polished thin sections were carried out at the Scanning Electron Microscope Laboratory of the Geosciences Institute of the Campinas State University (IGe-UNICAMP), equipped with a LEO scanning electron microscope model 430 I. The conditions adopted during analyses were: interaction time = 100 seconds; accelerating voltage = 20 kV.
Raman analyses were also carried out at IGe -UNICAMP. The equipment is a laserRaman multi -channel microprobe (CCD T64000 JOBIN-YVON) coupled with a highresolution optical microscope (OLYMPUS-BHS) that focuses the laser radiation (Ar laser, line 514.5 nm, 80 mW) on the sample (1µm-diameter aperture). A Sony video system helps monitor the laser operation. Beam-sample interaction time adopted was 300 s. The Raman frequencies were calibrated to 1cm −1 using standard Ne emission lines. For X-ray diffraction fluorescence, and oxygen and hydrogen stable isotope studies, quartz and tourmaline separates were obtained at the Sample Preparation Laboratory of the Geosciences Institute of São Paulo University -IGc-USP. Crushing of rock chips and screening were followed by heavy liquid separation of quartz and tourmaline, Franz electromagnetic separation of impurities, and hand picking under a binocular microscope.
X-ray diffraction fluorescence analyses 214 GIANNA M. GARDA ET AL. Table I ), and D: zoned tourmaline needles of Quartzito quartz vein, also shown in B (to point 2 correspond analyses 63 and 64; to point 3, analyses 67, 68 and 71; to point 4, analyses 72, 75 and 76, and point 5, analyses 79 and 80 in Table I ).
took place at the XRF Laboratory of IGc-USP. Oxygen and hydrogen stable isotope analyses were carried out at the Scottish Universities Environmental Research Center (East Kilbride, UK), the former with the laser fluorination method (Fallick et al. 1992 ) and the latter by the conventional method of gas extraction.
RESULTS

EDS-SEM Mineral Analyses
Table I presents tourmaline compositions obtained by EDS-SEM, with total weight % of oxides normalized to 100%. Analyses 1 to 21 (Tapera Grande), and 40 and 41 (Quartzito) correspond to tourmalines from metachert; analyses 22 to 30 correspond to tourmalines from a tourmalinite from Tapera Grande (T12); analyses 36 to 39 to tourmalines from a quartz vein from Tapera Grande (SRT3-99), and 44 to 85 to tourmalines from quartz veins of Quartzito (112/3a, 112/3b and 112/46-3).
The structural formulae were calculated according to Henry and Guidotti (1985) , assuming 3 boron and 31 oxygen atoms per formula unit (apfu).
Calculations were made using Microsoft 
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Yavuz ( In the Ca-Fe tot -Mg diagram (Fig. 4) , tourmalines from metachert of Tapera Grande and Quartzito, tourmalinite and quartz veins of Tapera Grande fall in field 2 (Li-poor granitoids and their associated pegmatites and aplites) and 4 (Ca-poor metapelites, metapsammites, and quartz-tourmaline rocks), whereas tourmalines from quartz veins of Quartzito fall in field 4.
Differently from the other tourmalines, those from tourmalinite T12 show large Al 50 Fe(total) 50 and Al 50 Mg 50 variation. These compositions are similar to those presented by Plimer (1988) , which describes tourmalines from tourmalinites of eight different localities in Australia. The triangular diagrams also show that T12 tourmaline compositions are intermediate between those obtained for metachert and Quartzito quartz veins. Tourmaline compositions corresponding to Quartzito quartz veins match those found in Plimer (1986) , Bone (1988) , and King and Kerrich (1989) .
Triangular diagrams of Figs. 3 and 4 show that Mg is a good discriminant factor that distinguishes Tapera Grande tourmalines from those of Quartzito quartz veins, i.e. the latter are Mgricher than the former.
It is worth mentioning that even when K 2 O (in all analyses) and Na 2 O (in tourmalines of Quartzito quartz veins) contents are below detection limits of EDS-SEM, yielding incomplete structural formulae, positive correlation between Mg# [= Mg/(Mg +Fe total )] and X-site vacancy ( X = 1 − Ca − Na − K) is obtained, as depicted from Table I R1+R2 vs. R3 diagrams (Fig. 5) show that tourmaline compositions from Quartzito quartz veins fall on the { Al} {Na [Fe, Mg]} −1 vector, which represents the exchange schorl-dravite → foitite.
Slightly zoned crystals also illustrate the general behavior of Tapera Grande and Quartzito tourmaline compositions. Analyses 19, 20 and 21 in Table I correspond to points at rim, intermediate position and core of a LJ10A (metachert of Tapera Grande) tourmaline crystal (Fig. 2C) . Numbers of Al and Mg apfu increase from point 1 to 2 and decrease to inner point 3, whereas Fe total and Na apfu decrease from 1 to 2 followed by increase from 2 to 3 224 GIANNA M. GARDA ET AL. (2) Li-poor granitoids and their associated pegmatites and aplites; (3) Ca-rich metapelites, metapsammites, and calcsilicate rocks; (4) Ca-poor metapelites, metapsammites, and quartz-tourmaline rocks; (5) metacarbonates, and (6) metaultramafics. (Fig. 6) . The number of Fe total apfu is higher than Mg.
Zoned crystals of T12 tourmaline (analyses 23, 24 and 25 in Table I ) show discrete decreasing Mg and Na apfu, and increasing Fe total apfu from rim to core (Fig. 6) , and slight Al apfu decrease and Ti and Ca apfu increase in an intermediate position between rim and core (analysis 24). Figure 2D shows two zoned tourmaline needles of Quartzito quartz vein (FQ112-3b), which are also illustrated in Figure 2B at rim) and 67, 68 and 71 (point 3, at core) and analyses 72, 75 and 76 (point 4, at rim) and 79 and 80 (point 5, at core) are represented in Figure 6 . The main compositional distinctions from rim to core are increase of Si and Mg apfu and decrease of Al and Fe total apfu, and at the rims higher Ti, Fe and Ca apfu. Cr seems to be higher at rims than at cores (Table I) .
X-ray Fluorescence Analyses of Mineral Separates
As stated by Yavuz (1997) , normalization based on 31 atoms of oxygen causes the exaggeration of the relative importance of alkali-defect substitution. However, as previously stated, high X-site vacancies in tourmalines of Quartzito quartz veins resulted from NaO (and K 2 O) contents below EDS-SEM detection limits, and relatively low CaO contents.
In order to check the actual X-site deficiency, tourmaline separates from tourmalinebearing quartz veins of Tapera Grande (SRT2-97 and SRT3-99) and Quartzito (FQ112-3a) were analyzed by X-ray fluorescence. The analyses confirmed that the Quartzito samples are indeed alkali-deficient, Cr-and V-bearing 226 GIANNA M. GARDA ET AL. tourmalines (Table II) . The structural formula proposed for the FQ112-3a tourmaline is: ).
Raman Spectroscopy
Polished thin sections of tourmaline-rich metachert (LJ10) and tourmalinite (T12) from Tapera Grande, and a tourmaline-rich quartz vein (FQ-112-3a) from Quartzito were analyzed by Raman spectrometry. Raman spectra of schorl GRR#794 from Cahuilla Mountain (Riverside, California) and a magnesiofoitite from Honshu (Japan) -available at the Mineral Spectroscopy Server of the California Institute of Technology (http://minerals.gps.caltech.edu) -are presented for comparison.
Peaks corresponding to tourmalines from LJ10 and T12 appear at 235-239 cm −1 , 360-367 cm −1 , and 635-700 cm −1 intervals (three consecutive peaks - Fig. 7 .2a). According to Gasharova et al. (1997) , these peaks are characteristic of G1 -intermediate between buergerite and schorl of the buergerite-schorl group. For tourmaline T12, peaks at 3228 and 3475 cm −1
were obtained (Fig. 7.2b ), the former having no correspondence with schorl GRR#794 spectrum close to the OH region (3400-3800 cm
interval - Fig. 7 .1b). Alkali-deficient tourmalines from Quartzito show peaks at 116, 214, 238, 365, 491, 698-702, 841 cm −1 in the 100-800 cm −1 interval ( Fig. 7.4a ), corresponding to G3V of the dravite-buergerite-uvite series of Gasharova et al. (1997) , characterized by 0.30 X and 0.28 Ti apfu. The peak found at 3578 cm −1 (Fig. 7.4b) is more likely coincident with schorl GRR#794 peaks in the OH region than with the peaks at 3632 and 3622 cm −1 presented by Béziat et al. (1999) as indication of vacancy at the X-site, but more refined work has to be carried out. Peaks characteristic of the elbaite group (at 224 cm −1 , and at positions further than 707 cm −1 ) were not observed in the spectrograms. ment and metamorphic conditions and composition of circulating fluids, but once tourmaline is formed, it is stable under a wide range of physical-chemical conditions. Henry and Dutrow (1996) report the occurrence of tourmalines according to increasing metamorphic grades, showing that there is a correlation between Al, Ca and X-site-vacancy contents that apparently does not depend on metamorphism, but rather on the phases present. For example, in metapelites, aluminous, high-X-site-vacancy tourmalines coexist with aluminous minerals such as staurolite and sillimanite; there is an inverse correlation between Ca and X-site vacancy. On the other hand, tourmalines that grow in low-Al metapelites contain lower values of X-site vacancy. In medium-grade metapelites and quartzites, tourmalines are intermediate schorl-dravite with variable Al and X-sitevacancy amounts. Although in this study tourmalines closely related to metamorphic minerals (such as those found in basic metatuffs and volcanic rocks) have not been analyzed, a certain correlation between Al and X-site vacancy contents is observed for the studied tourmalines from Tapera Grande and Quartzito. Henry and Dutrow (1996) also stated that metamorphosed stratiform tourmalinites, typically associated with metapelites, metapsammites or meta-ironstones, are interpreted as be-ing formed by early diagenesis of B-rich chemical precipitates, or by metasomatic modifications due to volcanic exhalations during sedimentation. Tourmalines from stratiform tourmalinites have several common chemical characteristics with tourmalines developed in metapsammites and metapelites, e.g., they can be peraluminous, coexisting with Al-saturated minerals such as sillimanite, or can be less aluminous if they coexist with less aluminous minerals. These findings agree with compositional variations obtained for Tapera Grande T12 tourmalinite.
Isotopic Data
Tourmaline, developed as a consequence of infiltration of B-bearing hydrothermal fluids, can have a wide range of compositions that depend on the compositions of the altering host rock and the invading fluid. This type of B metasomatism is commonly associated with a wide variety of precious metal deposits such as Au, Ag, Zn, U, and Mo. In the Quartzito area, scheelite, molybdenite, and sphalerite were identified in drillhole samples, associated with pyrite and chalcopyrite.
The tourmaline chemistry is dominated by the nature of the host rock, but in other cases tourmaline has a "mixed" chemical signature influenced by the chemistry of the fluids. When hydrothermal fluid becomes dominant, the Brich fluids can lead to extensive tourmalinization. It is relatively selective in that B-rich fluids will preferentially tourmalinize rocks with the requisite Mg-Fe-Al constituents. In general these tourmalines tend to have compositions of schorl to intermediate schorl-dravite, but can exhibit considerable amount of X-site vacancy and substitution of Fe 3+ (e.g. Cavarretta and Puxeddu 1990) . This is the case of Quartzito tourmaline-bearing quartz veins, whose compositions were also affected by the host rock chemistry. In Table IV Cr and V contents obtained from XRF analyses of host rocks of Quartzito quartz veins are listed. Regarding Cr, the values obtained for Quartzito are, at present, the highest ones found in whole rock analyses of drillhole samples of Tapera Grande and Quartzito. High V contents are found in a variety of rocks, especially those of sedimentary origin.
CONCLUSIONS
From the data here presented, it is concluded that:
• Tourmalines from Tapera Grande and Quartzito metachert and from Tapera Grande tourmalinite are intermediate schorldravite, of syngenetic origin, formed under submarine, sedimentary-exhalative conditions. Amphibolite-grade metamorphism did not strongly affect their compositions.
• Quartz veins that crosscut the Morro da Pedra Preta Formation not only contain intermediate schorl-dravite (Tapera Grande), but also alkali-deficient, Cr-(V-)bearing foitite-magnesiofoitite (Quartzito), which are characterized by higher Mg# values than those for intermediate schorl-dravite.
• Foitite-magnesiofoitite reflects the composition of the host rocks of Quartzito quartz veins, where fluid percolation along faults and fractures associated with the Sertão-zinho Fault led to leaching of Cr (and V), and the crystallization of alkali-deficient, Cr-(V-)bearing tourmalines together with quartz.
• Raman spectroscopy also confirms the existence two distinct groups of tourmalines in Tapera Grande and Quartzito areas, and rules out the presence of elbaite. Should magmatic/metasomatic origin be the case, schorlitic-elbaitic (Li and Al rich) compositions would be expected, according to e.g. Plimer (1986) .
• Stable isotope data indicate sediments as fluid sources for the intermediate schorldravite and foitite-magnesiofoitite, ruling out a direct (post-)magmatic origin. δ 18 O compositions for tourmalines and host metachert or quartz veins are very similar, suggesting that fluid equilibration occurred during crystallization of both minerals.
• In spite of the occurrence of granitic bodies intruding the Serra do Itaberaba Group, the studied tourmalines are not directly related to them. The same conclusion was drawn by Kassoli-Fournaraki and Michailidis (1994) , when studying tourmalinebearing quartz veins crosscutting metamorphic rocks in Macedonia (northern Greece). There is still the possibility, though, that granitic bodies could have been the heat source for circulating, reactive fluids.
